The magnetic irreversibility of a high-quality YBa 2 sample in two different oxygen states was determined in great detail, as a function of applied field up to 5 T from zero-field-cooled and field-cooled dc magnetization. While the T irr data of the pure single crystal are well described by the power law, predicted by the flux-creep models, in the whole field range, those of the granular superconductors adhere to this power law only in the high-field region. In a low-field region two quite different regimes take place: In the lowest fields the data obey a de Almeida-Thouless-like power law and above a sharp crossover field they follow a Gabay-Toulouse-like power law. These low-field features are acknowledged as the signature of a frustrated system.
I. INTRODUCTION
The magnetic properties of the high-T C oxide superconductors ͑HTSC͒ are largely determined by their magnetic irreversibility, which, in turn, is intimately related to the nature and topology of the superconducting state. Although intensely studied since the discovery of the HTSC, the origin of the magnetic irreversibility is still a matter of strong controversy. The theoretical interpretation has been attempted along several lines. A first one, launched in the pioneering work of Müller and co-workers, 1 sees in the magnetic irreversibility line of the HTSC the signature of a genuine phase transition of an inhomogeneous, disordered, and frustrated granular superconductor. A second line tries to describe it as a conventional flux-creep phenomenon, analogous to that of the homogeneous low-temperature superconductors. 2 However, the assumptions underlying this approach, though well suited for conventional superconductors, are in clear conflict with the two-step resistive transition, observed in all but the best YBa 2 Cu 3 O 7Ϫ␦ single crystals, which thoroughly shows that practically all the HTSC are granular [3] [4] [5] [6] and not homogeneous superconductors, their magnetic behavior involving the metastability of the intergranular as well as of the intragranular flux dynamics, which are quite different. Therefore the conventional flux-creep theories can in general not account for the magnetic irreversibility in the whole field range.
The superconducting granularity of the HTSC results not only from the polycrystallinity. Due to the very short coherence length of their Ginsburg-Landau ͑GL͒ order parameter, any defect of the crystal lattice introduces a strong local depression of the superconducting order parameter 7 and normally leads to granularity even in single crystals. 8 Twinning planes and dislocations may in general separate a superconducting grain into subgrains that remain only weakly connected. Any increase in the number and size of such defects results in the increase of the granularity. Oxygen depletion has been verified 5 by resistivity and magnetization to strongly debilitate the weak links and to reinforce the granular character of pure polycrystalline YBa 2 Cu 3 O 7Ϫ␦ . On the other hand replacing in this system Ba by Sr strongly increases the twinning 9 and reduces the coherence length, 10, 11 thereby sharpening the topology of the GL order parameter and increasing the granular character of the superconductor. In nearly perfect YBa 2 Cu 3 O 7Ϫ␦ single crystals, whose superconducting granularity is vanishingly low, the Abrikosov flux is the only one relevant. Therefore the flux dynamics is relatively simple and can effectively be understood in terms of the conventional flux creep. 12 The magnetic irreversibility limit of such homogeneous superconductors as a function of the applied field ͓T irr (H)͔ is well described by the power law arising within the flux-creep ͑fc͒ theories: 2,13-18
Here t f c ϭT irr f c (H)/T irr f c (0), and H 0 f c as well as T irr f c (0) are fitting parameters. This power law is sometimes referred to as the universal function.
The flux dynamics in granular HTSC is however much more complex once it comprises the dynamics of two kinds of magnetic flux. However, in many circumstances the flux dynamics is dominated by only one or the other kind of flux, when they can be studied separately. For instance the critical field for penetration of Josephson fluxons (H c1J ) into the intergrain spaces is much weaker than that for penetration of Abrikosov fluxons into the grains themselves (H c1g ) once the size of the superconducting grains is not much larger than the penetration length of the field. Moreover the motion of the Josephson flux is opposed only by the discrete weak couplings between the grains. Therefore its activation energy is significantly lower than that of the Abrikosov flux. Effectively the motion of the Josephson flux has been verified to begin tens of degrees below the magnetic irreversibility limit and to dominate flux dynamics in the low fields and low temperatures. 19 This occurs because the existing intragrain Abrikosov flux is not activated or because it isn't present at all. Moreover this intergrain flux dynamics is expected to be strongly marked by the frustrated grain coupling physics.
T irr (H) of polycrystalline samples in low fields 5, 19, 21 may be characterized by the intergrain flux. It in fact totally resembles that of the well-known magnetic irreversibility line of spin glasses, 22 
where t GT ϭT irr GT (H)/T irr GT (0), and H 0 GT and T irr GT (0) are fitting parameters.
The occurrence of AT and GT power-law behaviors of the magnetic irreversibility and the AT-GT crossover at a few hundred oersted is long known 22 to occur in spin glasses, where the origin of this crossover is quite well understood theoretically in terms of an Ising-Heisenberg or Ising-XY dimensionality transformation. The crossover occurs when the external applied field collapses the random local anisotropy fields. 26 However, the occurrence of a AT-GT-type crossover of T irr (H) in granular oxide superconductors is certainly intriguing and deepens even much more the analogy between the granular oxide superconductors and the spin glasses, raising a number of challenging questions.
In very strong fields (HϾ10 kOe) and high-enough temperatures the amplitude of the phase fluctuations of the GL order parameter becomes high enough to uncouple the grains, permitting the field to circulate reversibly between them. Within these field and temperature conditions the superconducting grains contain a number of Abrikosov vortices, whose dynamics is governed by a physics much different from that of the Josephson flux. Abrikosov flux dynamics is thus expected to dominate the magnetic irreversibility in high fields. 2, [13] [14] [15] [16] [17] [18] In order to test these hypotheses and to confirm the existence of the different low-field regimes as well as to obtain the form of the magnetic irreversibility line in all the different field regions, we have measured precisely the magnetic irreversibility for samples with very different superconducting granularities: A pure and high-quality YBa 2 polycrystalline sample with two oxygen states. The granular superconducting character of all these materials is well known from previous electric resistivity and magnetic-susceptibility studies 3,5,6,10,11 and were confirmed here once more. Apparently the granularity relevant to the magnetic irreversibility is quite generic and not specific to certain kinds of defects.
II. EXPERIMENTAL TECHNIQUES
The polycrystalline YBa 1.75 Sr 0.25 Cu 3 O 7Ϫ␦ samples were prepared by calcination of the pure oxides and carbonates in air, pressed into a pellet, and sintered at 950°C with subsequent slow cooling from 750 to 650°C. Oxygen saturation was achieved by slowly cooling in oxygen atmosphere ͑1 atm͒ from 450°C to 250°C over three days. Specimens were cut from the pellet in the form of long parallelepipeds, respectively, 2.2, 0.75, and 0.55 mm 3 for magnetic and transport measurements. The oxygen depletion in the polycrystalline sample was performed by heating to 380°C during 45 min in a vacuum and controlling by weight loss. We observed that the rate of oxygen loss of the Sr-doped samples is about ten times higher than in pure YBaCuO. This assures, in our view, that oxygen depletion does not significantly change the relative oxygen distribution with respect to that of the virgin sample. The densities of the samples were 5.33 g/cm 3 2 trays by slowly lowering the temperature from 1020°C to 880°C over 18 h and subsequent slow cooling through 700°C. Oxygenation of all the single crystals was made in a flowing oxygen atmosphere at 450°C over ten days and subsequent slow cooling. The single crystals all had a platelet shape of a very homogeneous appearance with a nearly rectangular form about 1 mm 2 in area and nearly 0.07 mm in thickness. X-ray diffraction revealed no strange phases in all of the samples and examination of the doped single crystals with polarized light microscopy showed a high density of orthogonal twinning planes, as also reported by the authors of Ref. 9 . It may also be remarked that the form, shape, and even the size and orientation of the samples with respect to the applied field, although relevant for the demagnetizing field and precision of the measurements, do not significantly affect the functional form of the irreversibility line.
Our main experimental work was aimed at measuring the magnetic irreversibility with dc magnetization methods, but electric resistivity measurements were also made in order to get a better insight on the granularity of our samples. While precise electric resistivity measurements can provide detailed information on the superconducting transition within the grains, the grain coupling process, and fluctuation conductivity, dc magnetization is especially suited to provide information on the critical fields, critical currents, flux mobility, relaxation, and magnetic irreversibility. Our magnetization measurements were made under applied fields up to 50 kOe by using a superconducting quantum interference device MPMS-XL magnetometer from Quantum Design and the resistivity measurements were made with a very precise low current low-frequency ac experimental setup, where a lock-in amplifier is used as a null detector, having a sensitivity of 10 Ϫ5 ⍀ and a temperature resolution of 0.02 K.
III. EXPERIMENTAL RESULTS

A. Magnetoconductivity
Granular HTSC, having a well-defined superconducting transition temperature, in general display a visible two stage resistive transition (T) and correspondingly d/dT displays a peak and a hump or shoulder at the lowertemperature side of the peak. 21 While the peak marks the pairing critical temperature T C within the grains, the shoulder is related to the grain coupling and the coherence transition of the granular system. The weak links that connect the superconducting grains are well known 20 to be very sensitive to magnetic fields. An applied field distorts the phase of the GL order parameter and weakens the coupling energy between the grains, while leaving almost intact the superconducting transition within the grains. These effects strongly extend the lower-temperature foot of the resistive transition, enlarging the hump of the coherence transition in d/dT, but leaving the main peak of the intragrain transition sharp and at the same position. Figure 1 exemplifies the resistive transitions and the corresponding temperature derivatives of a granular and a homogeneous superconductor, respectively, by our polycrystalline sample and the pure YBa 2 Cu 3 O 7Ϫ␦ single crystal. The fact that the resistive transition of the pure single crystal occurs in one unique step and its temperature derivative gives only a single and sharp peak shows that this sample has a vanishing granularity. The other samples exhibit a two-step resistive transition, the corresponding temperature derivative displaying a sharp peak with a hump at its lower-temperature side. These are the well-known features of the granular superconductors. It can also be observed that low applied fields up to 0.6 kOe, while not affecting visibly the main intragranular transition, do strongly enlarge the hump of the coherence transition, demonstrating the sensitivity of the grain couplings to applied field.
B. Magnetic irreversibilities
The magnetic irreversibility limit ͓T irr (H)͔ was measured within a precision of 0.5 K or better for a large number of applied fields from 0.003 to 50 kOe for all of our samples. The used method consisted of cooling the sample first under zero field, measuring the dc magnetization (M ZFC ) under stable field, while slowly warming ͑0.2 K/min or less͒ to a temperature well above T C , and next measuring the magnetization (M FC ) while slowly cooling back under the same field and subtracting M ZFC from M FC . The temperature point where the difference data lift off from the zero base line, defined by the upper temperature data, is the irreversibility limit T irr . To give an overview of our data analysis, we present in Fig. 2 some arbitrarily chosen examples of difference data. The arrows indicate the irreversibility limit for these cases and the insets show the corresponding M ZFC and M FC data. It is important to note that in general locating the irreversibility limit directly from the M ZFC and M FC data is liable to be arbitrary as in general these curves approximate asymptotically. Difference data are much more safe. Plotting the T irr data for the whole field range in a HϪT diagram defines the irreversibility line of the sample. The magnetic irreversibility data of our YBa 1.75 Sr 0.25 Cu 3 O 7Ϫ␦ polycrystalline sample are displayed in Fig. 3 for two oxygen states of the sample (␦Ϸ0.0 and 0.3). The continuous lines through the low-field data are fitted with de AlmeidaThouless-like lines ͓Eq. ͑2͔͒ while the high-field data are fitted with the power law of the flux-creep model ͓Eq. ͑1͔͒. The dashed line through the high-field data at the right is a guide to the eye. Figure 4 displays the T irr (H) data of the pure YBa 2 Cu 3 O 7Ϫ␦ and the two Sr-doped single crystals together with those of the Sr-doped polycrystalline sample in an oxygen-depleted state. The single-crystal data are for H ជ ʈĉ . Except for the different slopes, the overall profiles of the irreversibility lines in Fig. 4 all look very similar. It in fact is largely defined by the behavior of the T irr (H) data in the major high-field region, where they all follow the so-called universal function of the flux-creep model, Eq. ͑1͒, shown in the figure as a continuous line. In the particular case of the pure YBa 2 Cu 3 O 7Ϫ␦ single crystal, this behavior rigorously prevails in the whole field range. If the density of our irreversibility data were poor, as in most reported irreversibility studies, it would be very easy to overlook the low-field structure and to extend the universal function through the whole field range for all the samples. However, due to the precision and the number of T irr (H) data points in Fig. 4 , even an inattentive look shows that the data of the granular samples fall systematically off the high-field regime in the low-field region. We highlight these low-field features in Fig. 5 where it becomes clear that the flux-creep regime extends down to zero field in the case of the pure single crystal. However in the case of the granular samples two different and welldefined regimes become systematically apparent. In the very lowest-field region the data define the well-known AT-like line ͓Eq. ͑2͔͒ for all the granular samples. When the field value increases beyond about 0.7 kOe, T irr (H) changes abruptly its slope and bends in a sense opposite to that of the AT-like line. This intermediate-field regime is well fitted by a GT-like line, Eq. ͑3͒, for all the granular samples. In the case of the polycrystalline samples this GT-like behavior extends even up to about 10 kOe. The transition to the highfield regime is not abrupt and we see in it the hegemonic competition between the intergranular and intragranular flux dynamics. We list in Table I the values of the fitting parameters in the various field regions.
IV. DISCUSSION
In the homogeneous low-temperature superconductors, flux dynamics is described by the conventional flux-creep theories. The behavior of T irr (H) of very good YBa 2 Cu 3 O 7Ϫ␦ single crystals according to the power law, Eq. ͑1͒, in the whole field range indicates that this flux-creep approach may also be valid in the case of very homogeneous HTSC. 2, [13] [14] [15] [16] [17] [18] 27 However some authors [28] [29] [30] [31] found such a behavior (␣ϭ 3 2 ) of T irr (H) only in a low-field region. In higher fields their data assume the behavior of a melting line (␣ϭ2) and still others [32] [33] [34] found a melting line in the whole field region. Many of these works however have very poor resolution especially in the low-field region. Moreover the determination of the irreversibility limit is in general purely visual on the raw data, which may lead to important erraticity.
The T irr (H) data of our granular superconductors adhere to the power-law regime, Eq. ͑1͒, only in relatively high fields ͑typically above 10 kOe͒, where the intragrain flux dynamics is known to be dominant and neatly deviate from this regime in a low-field region, where the intergrain flux dynamics dominates. The behavior of the T irr (H) data is clearly AT-like ͓Eq. ͑2͔͒ in the lowest fields and GT-like ͓Eq. ͑3͔͒ above a crossover field, which are the well-known signatures of disordered and frustrated systems. Therefore the superconducting-glass 1, 5, 20, [35] [36] [37] or vortex-glass [38] [39] [40] [41] [42] models, which have entries for disorder and frustration, are the obvious scenario within which understanding for these lowfield features must be sought. In fact these two models focus on different aspects of the same highly inhomogeneous superconductors. While the former emphasizes the jagged topology of the superconducting order parameter, the latter focuses on the respective random pinning and the consequent distortion of the flux-line lattice.
A superconducting glass may be conceived as a highly inhomogeneous superconductor or simply as a weakly coupled disordered superconducting grain aggregate under applied field. An irregular and weakly coupled grain network is usually described in terms of the effective Hamiltonian 5,20,35-37,43,44
Here the first term in the right-hand side represents the Coulomb energy, where C i j are the elements of the capacitance matrix, and n i (n j ) is the number of pairs on grain i ( j). The second term is the Josephson coupling term, where the J i j are the phase coupling energies between neighboring grains i and j and i Ϫ j is the difference of the respective phases of the GL order parameter. The n i and j are canonically conjugate variables satisfying the commutation rule ͓n i ,e j ͔ ϭ␦ i j e j and A i j are the phase displacements Table I͔ . Notice the low-field structure that is absent in the pure single crystal and increases with increasing granular character of the samples.
field only shifts the phase of the GL order parameter along the transverse components of the weak links. The total phase displacement ͚A i j along closed loops of grains is constrained to 2 f , where f is an integer representing the total number of fluxons enclosed by the loop. The largely varying quality, the directional randomness of the junctions, and the consequent randomness of the phase factors A i j together with the multiconnectedness of the grains leads to conflicting couplings, making it impossible to minimize the energy within all the grain junctions. The system becomes frustrated and its ergodicity breaks during freezing into a highly degenerate ground state with a very large number of nearly equal energy minima. By increasing the field the random-phase distortions A i j debilitate even more the grain aggregate's ability to block the intergranular flux. Frustration of the grain couplings and the magnetic irreversibility in low fields are thus intimately connected. This is why measurements of flux dynamics and magnetic irreversibility in the granular superconductors can tell us so much about phase disorder and frustration.
The vortex-glass approach examines the effect of the fluxline lattice distortions, caused by random pinning in the irregular topology of an inhomogeneous superconductor, on the correlation function between flux lines and the stability of a vortex-system as a whole. Due to the random flux pinning in the HTSC this theory predicts a transition from the vortex-liquid to a vortex-glass state at a well-defined glass temperature T g . While the vortex-liquid phase is magnetically reversible, the vortex-glass is not. In reality the vortexglass model is an alternative way to describe a disordered and frustrated superconductor.
The superconducting-glass and the vortex-glass models both simplify excessively the real problem of the inhomogeneous HTSC. While the first underestimates intragrain and spontaneous phase anisotropy effects, the second does not adequately incorporate the intergranular flux dynamics. Although both predict a glass transition along some welldefined line in the H-T plane, these lines are completely smooth and clearly cannot account for the systematic and remarkable details in the structure of our irreversibility lines. While a better theoretical approach lacks, we do our best comparing our T irr (H) results with those of the spin glasses that are intriguingly similar.
Another important observation is that in the low-field region of the H-T plane, where the Josephson flux dynamics is dominant, the irreversibility line T irr (H) runs well above the zero resistivity line T C0 (H). 19 This is in fact what is expected for a percolating superconducting grain network where T irr (H) occurs when the first grain loops close, while T C0 (H) occurs at significantly lower temperature when about 15% of the grains are coupled. 45 Nevertheless in the high-field region, where the intragrain Abrikosov flux dynamics dominates, the T irr (H) and T C0 (H) lines join together. 46 In conclusion, the T irr (H) data of our granular superconductors, besides identifying the intragrain Abrikosov flux dy- namics in the major high-field region, apparently governed by the conventional flux-creep physics, they also clearly evidence the existence of a dominant intergranular Josephson flux dynamics in a low-field region that are strictly related to the granularity of our superconductors and characterized by AT-and GT-like lines. The AT and GT features in spin glasses represent a phase transition and are the well-known signature of frustration. The occurrence of precisely these features in our granular superconductors appoints disorder and frustration as the origin of these regimes. This also signals that the AT and GT features are not specific to frustrated spin systems but constitute a universality class that may congregate all the disordered and frustrated systems regardless of the nature of the coupled objects. For the lack of a better theoretical approach, we suggest that the GT-AT crossover of T irr (H) for decreasing fields, present in our granular HTSC, is due to random-phase displacements, induced by the Coulomb term in the Hamiltonian, Eq. ͑4͒, which plays a role similar to the random anisotropy fields in the analogous crossover in spin glasses. 26 
